Environmental stress and the costs of whole-organism phenotypic plasticity in tadpoles
Introduction
Costs of plasticity play a central role in evolutionary theory. These costs are recognized when plastic genotypes have relatively low fitness regardless of the trait value expressed. Models that include no costs of expressing phenotypic plasticity show that heterogeneous environments can favor the evolution of plasticity (Via & Lande, 1985) . In this case the optimal genotype is that which expresses trait values conferring the highest fitness in all environments that are encountered. The cost of plasticity is an important impediment to this outcome (van Tienderen, 1991; Moran, 1992) . Thus, plasticity costs have attracted attention because they seem to prevent organisms from shaping themselves at will to match their environments .
Previous empirical work has generated a decidedly mixed picture of the quantitative importance of plasticity costs. A few studies report strong evidence for costs (Krebs & Feder, 1997; Bashey, 2006; Weinig et al., 2006) . But many other studies (and some of the same studies) observe no costs, or even enhanced, rather than depressed, performance in relatively plastic genotypes for some traits, equivalent to a fitness benefit of plasticity or a cost of canalization (e.g. Relyea, 2002; Tucić et al., 2005; Weinig et al., 2006) . These variable outcomes suggest that plasticity costs may be context-dependent, or that variation in methodology causes inconsistent results.
Methodological decisions that could influence the magnitude of plasticity costs include the level of stress imposed on the organism, the type of fitness measure employed, and the way in which plasticity is defined. Plasticity costs are sometimes magnified under stress (Dorn et al., 2000; Steinger et al., 2003) , perhaps because stressful environments reduce opportunities to compensate for various fitness costs by triggering changes in resource allocation (Hoffmann & Parsons, 1991; Park et al., 2007) . Under this hypothesis, plasticity costs should be relatively large under stressful conditions. The type of trait chosen to represent individual fitness is of obvious importance. Costs should be more detectable when Steiner & Van Buskirk, page 4 ___________________________________________________________________________________________________________________________ using fitness components more closely connected to lifetime reproductive success. Finally, previous studies of plasticity costs have subjected separate phenotypic characters to independent analyses, even though the identification and independence of distinct characters is problematic and plasticity costs are unlikely to arise from plasticity at the level of isolated traits. What is needed are good measures of plasticity at the level of the whole organism.
Here we describe new experimental estimates of selection acting on phenotypic plasticity in frog larvae. We begin from the perspective that selection acts on whole-organism plasticity, and that analyses should focus on effect sizes and variance of cost in plasticity at different environmental stress levels. Our expectations were that plasticity will be costly, as predicted by theory, and that these costs will be greater under more stressful conditions.
Methods
We conducted two experiments, each involving a set of 40 full-sib families (sibships) of the common frog (Amphibia: Ranidae: Rana temporaria). The first, which we call the plasticity experiment, estimated plastic responses to two environments and a measure of fitness in both environments. The second experiment, called the competition experiment, provided an independent measure of fitness by subjecting each sibship to competition with other sibships at two different densities. We chose R. temporaria for this work because it exhibits a strong inducible phenotypic response to predation risk, and genetic variation among populations in the amount of induced response (Van Buskirk, 2002; Van Buskirk & Arioli, 2005) . Genetic variation in phenotypic plasticity has been detected in a related species (Relyea, 2005) .
Plasticity experiment
We collected five clutches of R. temporaria eggs from each of eight populations (1.8 km to 45 km apart) in Kantons Thurgau and Zürich, Switzerland, in March 2003. Using sibships from different populations maximized genetic variability in plasticity. Clutches in this species are discrete masses of eggs, usually but not always sired by a single father (Laurila & Seppa, Steiner & Van Buskirk, page 5 ___________________________________________________________________________________________________________________________ 1998) . We reared the tadpoles in outdoor artificial pools in a field at the University of Zürich.
The pools were plastic tubs (0.28 m 2 , 80 L), containing 60g of dried leaf litter and a diverse community of zooplankton and algae. We stocked the pools with tadpoles at Gosner (1960) stage 26 on 11 April (plasticity experiment) and 12 April (competition experiment), when tadpoles were 13-14 days old.
We measured predator-induced phenotypic plasticity by rearing each sibship in the presence and absence of caged dragonfly larvae, with two replicates in randomized blocks (total of 160 pools). Every pool received 12 tadpoles (43 tadpoles/m 2 ) originating from a single sibship. The pools were outfitted with a floating cage (~1 L volume), which either contained one final instar dragonfly (Aeshna cyanea) or was left empty. Dragonflies were fed 300 mg of R. temporaria tadpoles three times a week, and the cages were rotated among pools within treatments on feeding days to equalize any differences among individual Aeshna. Four pools were accidentally lost before the end of the experiment.
We measured phenotypes when tadpoles were about 6 weeks old. Morphological data came from eight randomly-selected tadpoles in each pool, weighed and photographed on 7-9
May. We used image analysis software to measure the maximum depth and length of the tail, the depth of the tail at half way, the depth of the muscle at the base of the tail, the width, depth, and length of the body, and overall body size (Appendix A). Measures of shape were least squared mean values for each pool, derived from linear models that included body size and the square of size as covariates. Body size was the centroid size (Zelditch et al., 2004) calculated from 20 landmarks positioned in three-dimensional space (Appendix A). The behavioral data came from six instantaneous samples of each tub collected on 6 May. On each sample, we recorded the number of visible tadpoles that were active and inactive; non-visible tadpoles were counted as hiding in the leaf litter.
We measured whole-organism plasticity in several stages. First we evaluated the sibshiplevel correlations in plasticities of individual traits, and concluded that predator-induced shifts ___________________________________________________________________________________________________________________________ in behavior and morphology were not highly correlated. Of the 14 pairwise correlation coefficients between plasticities in behavioral and morphological traits, only one was >0.4 and the most negative was -0.23. In contrast, 14 of the 21 pairwise coefficients among plasticities in morphological traits were >0.4. This meant that plasticity in behavior and morphology could not be represented by a single measure. Therefore, we generated descriptions of the phenotype using two principal component analyses (PCAs), one on the morphological traits and the other on the two behavioral traits. The PCA on morphological shape produced two axes (hereafter "morph1" and "morph2") that together explained 81% of the variation in the seven original traits ( Table 1 ). The first axis from the PCA on activity and hiding (hereafter "behav1") explained 84% of the variation in the original traits and was highly correlated with both. Plasticity for each sibship was the absolute value of the difference between the sibship mean scores of predator-naïve and predator-exposed tadpoles on behav1 for behavior, and the Euclidean distance between treatments in the space defined by morph1 and morph2 (each weighted by its eigenvalue) for morphology. The correlation between plasticity in behavior and morphology was -0.19 (P = 0.23, N = 40 sibships; Pearson's correlation).
Competition experiment
The second experiment measured performance of the same 40 sibships under more stressful conditions, and applied a different, potentially more sensitive measure of fitness related to competitive ability. Each sibship was competed separately against two other sibships from different populations, at low and high density (8 tadpoles/pool and 24/pool; 29 tadpoles/m 2 and 86/m 2 ). Survivors were collected when they reached metamorphosis (Gosner stage 42), weighed at tail resorption, and preserved in 70% ethanol for molecular analysis.
We assigned metamorphs to their sibship of origin using microsatellite markers Rtempu7
and Rtempu8 from Rowe & Beebee (2001) and Rt2Ca36 from T. Garner (unpublished) , following methods of DNA extraction, PCR amplification, and gel electrophoresis described in Garner et al. (2000) . Only the first four metamorphs were screened in the high-density treatment. Six of 160 metamorphs in the high-density treatment could not be assigned with certainty and were excluded from analysis. All survivors from the low density treatment were screened and assigned with certainty.
We used different fitness measures in the two experiments. In the plasticity experiment, fitness was body mass at five weeks of age. Mass is an acceptable measure of fitness for tadpoles, because it is negatively correlated with mortality from predation (e.g. Travis et al., 1985) and positively related to survival and body size after metamorphosis (e.g. Smith, 1987; Altwegg & Reyer, 2003) . In the competition experiment, fitness was the relative competitive ability of every sibship, defined as the difference between its rank-order appearance and the rank-order of the two other sibships against which it was paired. This measure was limited to the first four individuals because later metamorphs were not genotyped in the high-density treatment. Rank-order appearance is a good measure of fitness because early metamorphosis is positively related to survival during the juvenile and adult stages (references in Altwegg & Reyer, 2003) .
Our measure of fitness in the competition experiment would be problematic if individuals that metamorphosed late were also large, so that the order of emergence was a poor indicator of individual quality. This was not an issue at either density, because the late metamorphs were relatively small (high-density treatment: β=-18.3 mg/day, F 1,890 =30.9, P<0.0001; lowdensity treatment: β=-25.2 mg/day, F 1,304 =20.7, P<0.0001). Thus, our measure of rank-order appearance detected tadpoles that were both early and large.
Analyses
We began by testing for phenotypic plasticity and genetic variation in plasticity, using analyses of variance on body size, morph1, morph2, and behav1. The models included effects of sibship, predator treatment, and their interaction.
Two kinds of analyses tested for costs of plasticity, one in the plasticity experiment and the other in the competition experiment. The first followed van Tienderen's (1991; Scheiner & Berrigan, 1998) suggestion of estimating selection on both the phenotype itself and its plasticity. We regressed tadpole mass against morph1, morph2, behav1, and plasticity in morphology and behavior, repeated for both treatments in the plasticity experiment. The slopes in these regressions were standardized selection gradients, because fitness (mass) was relativized and traits and plasticities were expressed in units of SD.
For the second kind of analysis, measures of fitness were differences between the two competing sibships in the competition experiment. We regressed the normalized fitness difference between sibships against their differences in behavioral and morphological plasticity (from the plasticity experiment). In both kinds of analyses a negative coefficient corresponds to a cost of plasticity.
Results
Rana temporaria tadpoles in the plasticity experiment reacted to predators as expected based on previous work (Van Buskirk, 2002) . Body size at five weeks of age was 14% lower in the presence of Aeshna (mean ± SD in predator-naïve and caged-predator treatments: 0.74 g ± 0.076 and 0.65 g ± 0.128; N = 40 sibships). Treatment significantly affected behavior and both measures of morphological shape (Table 2) . Tadpoles in pools with dragonflies had much higher scores on the behavioral axis, corresponding to more time spent hiding and less activity, and higher scores on morph2, corresponding to deeper and shorter tail fins (Fig. 1 ).
There was a small but significant decrease in morph1 in the presence of predators. Results for individual traits revealed that tadpoles reduced activity by 59% in the presence of dragonflies, increased tail fin depth by 11.3%, and reduced tail length (9.3%) and body length (7.9%) (Appendix B).
Variation among sibships in behav1 and morph2 was highly significant (Table 2) , primarily because of differences in the three body dimensions, tail depth, and time spent Steiner & Van Buskirk, page 9 ___________________________________________________________________________________________________________________________ hiding (Appendix B). Behavior showed significant genetic variation in plasticity, reflected by the treatment-by-sibship interaction (Fig. 1, Table 2 ). At the level of individual traits, the treatment-by-sibship interaction was significant or nearly significant for some behavioral and morphological traits, such as time spent hiding, body length, and tail fin depth.
We found no convincing evidence for costs of plasticity. In the plasticity experiment there was pervasive selection on morphology and behavior, but no selection on plasticity (Table 3) . Selection favored sibships with large values of morph2 (deep, short tails) and small values of behav1 (high activity) in both treatments. For morph1, selection was divergent across environments but inconsistent with an adaptive interpretation. Sibships with high values of morph1 (large tails and short bodies) had large body mass (high "fitness") in the caged-dragonfly treatment, but the plastic response to predators was in the opposite direction.
Analysis of individual traits gave similar results: only body length and tail length showed significant costs of plasticity, and then only in the caged-dragonfly treatment (Appendix C).
There were also no costs of plasticity in the competition experiment, even at high density.
Sibships that metamorphosed earlier than their partner-sibships (i.e., had high "fitness") were those that had, if anything, higher plasticity, although none of these tests was significant (mean coefficients ± SE: morphology at low density, 3.11 ± 7.47, F 1,38 = 0.17, P = 0.67; behavior at low density, 2.18 ± 1.50, F 1,38 = 2.12, P = 0.15; morphology at high density, 1.04 ± 7.14, F 1,38 = 0.02, P = 0.89; behavior at high density, 2.31 ± 1.42, F 1,38 = 2.65, P = 0.11).
Analyses of individual traits showed a mixture of negative and positive selection on plasticity (Appendix C): body length, tail length, and tail muscle depth had significant costs of plasticity at low density, while tail fin depth exhibited costs of canalization at both densities.
Discussion
The cost of phenotypic plasticity is paid by individuals that have the capacity to be plastic, regardless of whether they express plasticity during their lives. An intuitively appealing Steiner & Van Buskirk, page 10 ___________________________________________________________________________________________________________________________ theory outlines the role of plasticity costs in phenotypic evolution (e.g. van Tienderen, 1991; van Kleunen & Fischer, 2005) , but our study of anuran larvae suggests that these costs are not very strong. The experiments revealed some significant relationships between fitness and plasticity in individual traits (Appendix C), but there was no selection on measures of wholeorganism plasticity in behavior and morphology. Therefore, amphibians seem to represent a case in which selection favoring predator-induced plasticity can be strong (Van Buskirk et al., 1997; Van Buskirk & Relyea, 1998; Van Buskirk & Schmidt, 2000) , but costs opposing the ability to express plasticity are weak (Relyea, 2002 ; this study). It seems that costs of plasticity cannot be an important impediment to predator-induced defenses in these animals.
This conclusion is interesting because the extent of phenotypic plasticity is highly variable among amphibian species (Lardner, 2000; Relyea & Werner, 2000 , Van Buskirk, 2002 , and somewhat variable among populations (Van Buskirk & Arioli, 2005) and genotypes (Relyea, 2005) . Our results imply that this variation must be maintained by differences in external environmental sources of selection affecting plasticity, or in genetic drift, rather than in differing intrinsic costs of plasticity. There is evidence that the cost-benefit ratio of induced defenses varies among environments and species (Van Buskirk, 2000; Steiner, 2007) .
Some earlier studies have suggested that plasticity costs are higher in stressful environments (Dorn et al., 2000; Steinger et al., 2003) . This hypothesis is not supported by our results. The plasticity and competition experiments both included treatments in which individual performance was reduced, reflecting greater stress (Hoffmann & Parsons, 1991 ), yet selection targeting plasticity was not consistently more negative in the more stressful environment. In the plasticity experiment, selection coefficients on plasticity were slightly more negative in the more stressful caged-dragonfly treatment for both morphology and behavior, but neither case approached significance (Table 3 ). The competition experiment showed costs of canalization in both treatments, with no trend toward greater plasticity costs in the more stressful high-density treatment. Results for the separate traits listed in Appendix
Steiner & Van Buskirk, page 11 ___________________________________________________________________________________________________________________________ C showed that plasticity was more costly about equally often in the two treatments. Thus, the fitness consequences of phenotypic plasticity were not more negative under stressful conditions in this study.
Earlier reports of increased costs in more stressful environments (Steinger et al. 2003) might occur because environmental stress improves our ability to detect selection, and therefore establishes a bias in favor of inferring increased costs under stressful conditions.
Even if absolute costs are identical under all conditions, they could be easier to detect in stressful environments where all individuals have lower average fitness and a lower proportion of fitness variation is environmentally induced. This explanation is at least plausible, because reduced environmental variation is sometimes observed under stressful conditions (Hoffmann & Merilä, 1999) . In experiments such as ours, this explanation predicts that the variation around the regression coefficient is smaller in the more stressful treatment.
This prediction was supported in the competition experiment, because coefficients estimating selection on both morphological and behavioral plasticity had somewhat smaller SE in highdensity pools (Table 3) , and five out of the seven individual traits showed the same pattern (Appendix C). However, the same prediction was firmly rejected in the plasticity experiment, in which the SE of the selection coefficient was larger in the stressful caged-dragonfly treatment for plasticity in every trait we measured. Overall, these results do not suggest that environmental stress modifies the magnitude or detectability of plasticity costs.
Our analyses of separate traits show that selection acts on the degree of plasticity for some traits, but that the direction of selection can be either positive or negative. Previous studies of plasticity costs have noted similar heterogeneity among characters in the degree to which plasticity is costly or beneficial (e.g. Relyea, 2002; Steinger et al., 2003; Weinig et al., 2006) . These findings present a strong argument for focusing on whole-organism plasticity rather than atomizing complex phenotypes into separate artificially-defined traits. It cannot be true that separate traits have wildly different costs of plasticity, because the kinds of Steiner & Van Buskirk, page 12 ___________________________________________________________________________________________________________________________ mechanisms proposed to underlie costs (DeWitt, 1998; DeWitt et al., 1998) operate mostly at the level of the entire organism. These mechanisms include the expense of maintaining sensory equipment for sampling the environment, behavioral and energetic costs of acquiring information about the environment, and genetic associations (linkage, pleiotropy, epistasis) between loci involved in plasticity and other loci affecting fitness. Such costs are probably insensitive to the specific traits or number of traits that potentially exhibit plasticity. The occasional observation of significant selection acting on plasticity of some traits but not others (usually in just one environment) therefore arises from variation among traits in their ability to represent whole-organism plasticity rather than true differences among body parts in the cost of the capacity to be plastic. Put another way, such results reflect fortuitous correlations between the degree of plasticity in that trait and the entire organism's capacity to respond plastically to environmental heterogeneity. True costs of plasticity are associated with the latter, and therefore should not differ in magnitude among traits.
It could be argued that whole-organism plasticity is impossible to estimate because only a small sample of all imaginable traits can be measured. This is true, of course, but many studies find that traits are integrated into groups that have positively correlated plasticities (Scheiner et al., 1991; Pollard et al., 2001; Watkins & McPeek, 2006 ; this study). In such cases, whole-organism plasticity may be characterized by focusing on relatively few traits representing different phenotypic modalities. Even when large parts of the phenotype are essentially inaccessible to study, it is nevertheless advisable to represent plasticity in the most general terms available.
The costs of phenotypic plasticity are probably weak or absent in many organisms, including microbes, plants, and metazoans (Kassen, 2002; Relyea, 2002; van Kleunen & Fischer, 2005) . The fact that plasticity is widespread in nature may imply that costs are rarely strong enough to inhibit its evolution or maintenance, or that costs have been minimized by selection . This possibility could be evaluated by studying experimentally-generated populations that have not yet been exposed to selection on plasticity costs (Weinig et al., 2006 ). An alternative interpretation is that existing levels of plasticity are maintained by selection even in the face of costs, but those costs are uniformly present within populations. This seems possible because costs of plasticity have so far been sought in organisms for which some degree of plasticity in some traits is nearly always present. In this case, all genotypes must have the capacity to sample and respond to environmental variation, and costs should be borne by all genotypes. This interpretation could be addressed by studying taxa for which plasticity is sometimes entirely lacking, such as rotifers and bryozoans that have both constitutive and plastic genotypes (Tollrian & Harvell, 1999) . Entries >0.3 are boldfaced to emphasize traits that are strongly associated with the axis. 
Predator treatment (1,39) Sibship (39,80) Predator*Sibship (39,80) Table 3 . Multiple regressions testing for costs of plasticity and selection on behavior and morphology in the Rana temporaria plasticity experiment. Morph1, morph2, and behav1 are axes from PCAs on morphological and behavioral traits (Table 1) . Plasticity in morphology is the Euclidean distance between treatments in the space defined by morph1 and morph2; plasticity in behavior is the difference between treatments in behav1. The fitness response in both analyses was relativized mass (mg), and all traits and plasticities were normalized. 
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Electronic Appendix C. Coefficients (SE) from regressions of fitness measures against plasticity in the seven morphological and two behavioral traits. All multiple linear regression models also included the trait values, to correct for selection acting on morphology or behavior. Fitness was relativized mass in the plasticity experiment and rank order age at metamorphosis in the competition experiment (in SD units). Negative coefficients indicate a cost of plasticity. The sample size for all analyses was 40 sibships or competing pairs of sibships. Boldfaced values were significant at α = 0.05 (*, P<0.01; **, P<0.001). 
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